Journal Pre-proof E.

Enhancing the spectral range of plant and bacterial light-
harvesting pigment-protein complexes with various synthetic
chromophores incorporated into lipid vesicles

Ashley M. Hancock, David J.K. Swainsbury, Sophie A. Meredith,

Photochemiéffy
andPhotobiol

A B: Biology

Kenichi Morigaki, C. Neil Hunter, Peter G. Adams

PII:
DOI:

Reference:

To appear in:

Received date:

Revised date:

Accepted date:

S1011-1344(22)00199-3
https://doi.org/10.1016/j.jphotobiol.2022.112585
JPB 112585

Journal of Photochemistry & Photobiology, B: Biology

4 August 2022
16 September 2022
11 October 2022

Please cite this article as: A.M. Hancock, D.J.K. Swainsbury, S.A. Meredith, et al.,
Enhancing the spectral range of plant and bacterial light-harvesting pigment-protein
complexes with various synthetic chromophores incorporated into lipid vesicles, Journal
of Photochemistry & Photobiology, B: Biology (2022), https://doi.org/10.1016/
J.Jphotobiol.2022.112585

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2022 Published by Elsevier B.V.


https://doi.org/10.1016/j.jphotobiol.2022.112585
https://doi.org/10.1016/j.jphotobiol.2022.112585
https://doi.org/10.1016/j.jphotobiol.2022.112585

Enhancing the spectral range of plant and bacterial Light-Harvesting pigment-protein
complexes with various synthetic chromophores incorporated into lipid vesicles

Ashley M. Hancock®®, David J. K. Swainsbury®®, Sophie A. Meredith®®, Kenichi Morigaki®, C.
Neil Hunter®, Peter G. Adams®®*

# School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, UK.

® Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds LS2 9JT, UK.
¢ School of Biosciences, University of Sheffield, Sheffield S10 2TN, UK.

4 School of Biological Sciences, University of East Anglia, Norwich, NR4 7TJ, UK.

¢ Graduate School of Agricultural Science and Biosignal Research Center, Kobe
University, Rokkodaicho 1-1, Nada, Kobe 657-8501, Japan.

* Corresponding author. E-mail address: p.g.adams@leeds.2..."” (*. G. Adams).

Abstract

The Light-Harvesting (LH) pigment-protein comple’:es found in photosynthetic organisms
have the role of absorbing solar energy with Fiy'i efficiency and transferring it to reaction
centre complexes. LH complexes contain 2 s -ite of pigments that each absorb light at
specific wavelengths, however, the natur?! ~o, ~bhinations of pigments within any one protein
complex do not cover the full range of solar radiation. Here, we provide an in-depth
comparison of the relative effectiveness ot \.+e different organic “dye” molecules (Texas Red,
ATTO, Cy7, Dil, DIR) for enhancing e absorption range of two different LH membrane
protein complexes (the major LHCI! i1..m plants and LH2 from purple phototrophic bacteria).
Proteoliposomes were self-assembld from defined mixtures of lipids, proteins and dye
molecules and their optical propeies were quantified by absorption and fluorescence
spectroscopy. Both lipid-linkec' dye. and alternative lipophilic dyes were found to be effective
excitation energy donors to L1 piotein complexes, without the need for direct chemical or
generic modification of the profeins. The Forster theory parameters (e.g., spectral overlap)
were compared betweel ea."h donor-acceptor combination and found to be good predictors
of an effective dye-pi>te.n. combination. At the highest dye-to-protein ratios tested (over
20:1), the effective absor ition strength integrated over the full spectral range was increased
to ~180% of its natural level for both LH complexes. Lipophilic dyes could be inserted into
pre-formed membranes although their effectiveness was found to depend upon favourable
physicochemical interactions. Finally, we demonstrated that these dyes can also be effective
at increasing the spectral range of surface-supported models of photosynthetic membranes,
using fluorescence microscopy. The results of this work provide insight into the utility of self-
assembled lipid membranes and the great flexibility of LH complexes for interacting with
different dyes.
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Introduction

In most photosynthetic organisms, light-harvesting (LH) protein complexes have the primary
function of absorbing solar energy with extremely high efficiency and transferring it to
reaction centre (RC) complexes where photochemistry transduces this energy to a chemical
form [1, 2]. LH complexes in plant and bacterial membranes act as “peripheral antennas” for
the RC and contain high concentrations of carotenoids and chlorophyll(Chl)-type pigments
for light absorption [3, 4]. The biochemical process of producing Chl molecules is complex
and energy consuming [5], which limits the number of chemical variants of
(bacterio)chlorophyll (B)Chl molecules that organisms can produce. Phototrophs appear to
have evolved to produce appropriate LH complexes for their own ecological niche and do not
attempt to cover the entire solar spectrum [6]. Instead, a pan.~dlar LH complex will contain
multiple copies of a few specific pigment types, with these ~rrcnged via precise protein-
pigment interactions, resulting in a characteristic absorptior. spe ctrum. Such spectra reveal
the wavelengths of light where absorption is highly effec’ive but also highlight the “spectral
gaps” where there is minimal light absorption for any gir ei. ' *1 complex [7, 8]. Strong dipole-
dipole and energetic coupling between closely-spacer (LY hl molecules can allow excitation
energy to be delocalised across multiple pigments ana promote highly efficient transfer of
excitation energy within the network of LH and RC pictein complexes [9]. These transfers
may be modelled by a combination of modified "¢ ifield theory for strongly coupled pigments
[10] and Forster theory for resonance energy u «n<ier (FRET) for relatively weakly coupled
pigments [11]. The effective light absor~“ar and energy transfer properties of pigment-
protein complexes make them desirable ca’.didates for nanotechnological applications or at
least a source of inspiration for synthetic u~signs [12, 13]. Bio-hybrid systems could utilise
the natural properties of photosynthel« proteins in a useful device, for example, protein-
sensitized solar cells often termr.a “biophotovoltaics” [14-18] and biosensors for the
detection of herbicides [19, 20].

It is possible to augment LH p: ~teins with other molecules in order to extend their absorption
range so that light which fali ‘w:thin the aforementioned spectral gaps can be utilized. This is
typically achieved by in erfa:ing the protein with alternative pigments [21-24], or optically-
active nanoparticles (zZ 2+, which absorb strongly in complementary spectral regions where
the natural absorption o° the protein is minimal. Alternatively, complementary fluorescent
proteins can be fused with natural LH proteins to enhance their absorption by using genetic
modification strategies [28]. If these additional molecules are in close proximity to the protein
and the spectral properties are favourable then energy will be absorbed and transferred to
the protein’s natural pigments via FRET, effectively enhancing the absorption strength of the
protein in the bio-hybrid system. The most common method of augmenting LH proteins is by
direct covalent attachment of the donor molecule/nanoparticle [21-24, 27]. A covalent linkage
can be highly effective for ensuring a very short donor-acceptor distance but it does have
some drawbacks, typically requiring either specific chemical reactions or time-consuming
genetic modifications. Another limitation of many previous studies is that the augmented
protein complexes were generally isolated in detergent micelles rather than their natural
biomembrane location, which is a different physicochemical environment. A useful
alternative system would be one that self-assembles, which does not require laborious
chemical or genetic processes and that still provides enhanced light-harvesting capacity
compared to natural systems. An ideal self-assembly approach: (i) would be applicable to



any LH protein (e.g., both plant and bacterial), (ii) would allow a suite of different pigments to
be used to fill the specific absorption ‘gaps’ for different proteins, (iii)) would not need
adaptation for different combinations of pigments and proteins, (iv) would utilize membranes.
In this study, we investigate the use of a suite of membrane-localised dyes to enhance both
plant light harvesting complex Il (LHCII) and bacterial light-harvesting 2 complex (LH2) by
co-reconstituting them into model lipid membranes formed via a simple self-assembly
process. To test the effectiveness of this system, we address the following questions: (i) can
different dyes be selected to enhance different spectral regions of various reconstituted LH
proteins? (ii) can multiple dyes work in conjunction to fill more of the absorption gap of LH
proteins? (iii) can dyes be added into pre-formed membranes after their initial assembly to
allow multiple pigment additions? (iv) can the enhancement of LH proteins be demonstrated
both for membranes suspended in solution and membranes deposited onto solid surfaces?

2. Materials and Methods

All chemicals were from Sigma-Aldrich (Merck), unless Jthe wise stated. Organic solvents
were HPLC grade or higher and solid salts were Biolilic yrade or higher. All water was
deionized and passed through milli-Q purification syst~m ..<fore use.

2.1 Lipids and dyes

All lipids and dyes were purchased in a dr' 1y, “ohilized form. The lipid-linked dyes (i) Texas
Red 1,2-dihexadecanoyl-sn-glycero-3-p'10s', hoethanolamine (TR-lipid), (ii) 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-ATTO64, ! (ATTO-lipid) and (iii) 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-Cyanine 7 (Cy7-lipid) were from Invitrogen, ATTO-TEC and Avanti
Polar Lipids, respectively. T ipophilic dyes (i) 1,1-dioctadecyl-3,3,3,3-
tetramethylindocarbocyanine  perctloate (Dil) and (i) 1,1-Dioctadecyl-3,3,3’,3'-
tetramethylindotricarbocyanine ic diac (DiR) were both from Invitrogen. The standard lipids (i)
1,2-dioleoyl-sn-glycero-3-phosnho-1’-rac-glycerol) (DOPG) and (ii) soy asolectin lipid extract
were from Avanti Polar Lipids =nu Sigma-Aldrich, respectively.

2.2 Biochemical pu/n.~auun of plant LHCII

Spinach leaves from a iocal supermarket were used as starting material. Trimeric LHCII
complexes (the major antenna complex of photosystem Il) were purified as described by
Adams et al. [29] using the detergent n-dodecyl a-maltoside (a-DDM). SDS- and native-
polyacrylamide gel electrophoresis (PAGE) and pigment extraction assays confirmed the
protein’s purity and trimeric state (see supplementary Fig. S1).

2.3 Biochemical purification of bacterial LH2

Rba. sphaeroides cells lacking the second LH2 operon (Apuc2BA) and spheroidene
monooxygenase (AcrtA) were grown in sealed 1 L glass Roux bottles under ~50 uMol m? s
for 72 hr [30]. This strain was selected to ensure a homogenous population of peptides and
carotenoids were assembled into the LH2 complex. LH2 complexes were purified as
described by Swainsbury et al. [31], except the detergent LDAO was exchanged for 3-DDM



at concentrations of 2% w/w for solubilisation and at 0.03% w/w, thereafter. The purified
protein had an Agso:Azso absorbance ratio of >3.0, confirming its high degree of purity.

2.4 Reconstitution of LH complexes and dyes into lipid vesicles

Glass vials and glass/steel Hamilton syringes were used whenever working with lipids or
dyes in organic solvents. Dry lipids and lipid-linked dyes were dissolved into 2:1
chloroform:methanol and then mixed to generate the desired molar ratios and subsequently
dried under nitrogen flow (40 min) and then placed in vacuum desiccator to remove any
residual trace of organic solvents (10-16 hr, in the dark). The bulk lipid used for preparing
samples for plant LHCII was soy asolectin lipid extract, whereas, the bulk lipid was DOPG
for bacterial LH2. These lipids were chosen because they w te previously established to
provide a stable membrane environment for these specif.c niutein complexes [32-34].
Aliquots of ~0.5 mg dry lipid mixture (as prepared above) wcre «.olubilised with an agueous
buffer of 0.5% a-DDM, 20 mM HEPES (pH 7.5) at roym ‘emperature for 12-16 hr with
agitation to generate a mixed micellar lipid-DDM solutio. to = detergent-to-lipid molar ratio of
~9:1. A protein-lipid-detergent suspension was then =+epred in plastic microfuge tubes by
mixing calculated volumes of the following: lipid-DD.." so! tion, aqueous buffers, and purified
LH protein to produce a final concentration of 1 mM .ota! lipid, 0.2% a-DDM, 20 mM HEPES
(pH 7.5), 40 mM NacCl and the desired concent aron of purified LH complexes. This protein-
lipid-DDM suspension was then incubated with L'~ B8eads SM-2 resin (Bio-Rad) to gradually
remove the detergent (8, 20, 40 and 10" ,~gn L for 1.5, 1.5, 1.5 and 16 hr, respectively).
The lipids and membrane proteins self ~scemble during the detergent removal process to
form vesicles, termed proteoliposomes [35].

2.5 Spectroscopy of proteolipo.omes

Before spectroscopy measure'nen.s, proteoliposome samples were diluted in a buffer of 40
mM NacCl, 20 mM HEPES (p: ! 7..), to obtain a large enough volume for use in a 10 x10 mm
guartz cuvette (3 mL) at a iu'v eough absorbance (~0.1 at 675 nm or 850 nm) to avoid inner
filter effects [36]. Absorotio.y spectroscopy was performed using an Agilent Technologies
Cary 5000 UV-Vis-Nir. aLczrption spectrophotometer. Fluorescence emission and excitation
spectra were acquired ir i/mediately after absorption spectroscopy. During measurements,
samples were maintained at 20 °C and gently stirred using a thermoelectrically cooled
cuvette-holder with magnetic stirring capabilities (Quantum Northwest TC 1). Measurements
on all LH2/dye and LHCII/TR samples were performed using an Edinburgh Instruments
FLS980 fluorescence spectrophotometer equipped with a 450W Xenon arc lamp and dual
excitation and emission monochromators. Scans for LH2/dye and LHCII/TR were collected
using red-sensitive PMTs (Hamamatsu R928 or R980, respectively). Measurements on
LHCII/Dil samples were performed using a Horiba Quantamaster fluorescence spectrometer
equipped with similar specification Xenon arc lamp, dual monochromators and PMT
detector. The two different fluorescence spectrometers were used simply due to equipment
availability, therefore, to allow for fair comparisons, each dataset contained control samples
of proteoliposomes without dyes, and all subsequent analysis was of “relative enhancement”
levels as compared to these control samples. Data acquisition parameters were 0.5 nm step
size, integrating 0.2 s/step and five scans averaged, for all measurements. Slit widths
(spectral bandwidths) and wavelength range are specified in the main text figure captions.
Spectra were analysed using Origin Pro (2019b) graphing software.
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For assessing TR, Cy7 or ATTO, these lipid-linked dyes were included in the original lipid
mixture (see section 2.4). Whereas, for assessing Dil/DIiR, a solution of ~10.7 uM dye in
ethanol and low volumes were injected into a pre-prepared sample of LHCII/LH2
proteoliposomes in a cuvette. Sequential absorbance and fluorescence spectra acquired
~15 min after each injection of dye solution.

2.6 Formation of hybrid thylakoid membranes on glass substrates

The polymerized lipid templates were prepared as described previously [37]. Briefly, lipid
bilayers of 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine  (Diyne-PC) were
deposited onto glass coverslip substrates by vesicle spreading and then polymerization was
conducted by UV irradiation through a custom-designed pho. ‘mask. Patterned substrates
were stored in water, dried with nitrogen gas immediately L, foic use, and placed into a
microscopy sample holder. “Hybrid thylakoid membranes” \are prepared as described by
Meredith et al. [38]. Briefly, suspensions of thylakoid me mb.anes (extracted from spinach)
and lipid vesicles were combined in a 1:3 w/w ratio a.id .~zubated with a patterned glass
substrate for 30 min. This generated supported mer-*ra.>es that were confined in 2-D into
corrals. These samples were rinsed with copious b.ffer solution and then characterized by
microscopy. TR-lipids and Dil dyes were incorpo’ate.' into membranes as described in
section 3.6.

2.7 Fluorescence lifetime imaging mic.n<.copy of hybrid thylakoid membranes

FLIM measurements were performcd using a Microtime 200 time-resolved confocal
fluorescence microscope (PicoQuar., Tiis system uses an Olympus IX73 inverted optical
microscope as a sample holder with ! ak.t passing into and exiting various filter units for laser
scanning, emission detection ar«( tin..ng electronics. The two excitation sources, 561 nm and
640 nm laser diodes, were dri-en 1> pulsed interleaved excitation mode by a PDL 828 Sepia
Il burst generator module (Fion( Jant) at a pulse rate of 20 MHz to selectively excite either
TR/Dil dye (561 nm) or the CThl within LH complexes (640 nm). The pulse width for the lasers
were 70 ps and 90 ps, rr:spe stively. The laser power was set so that the excitation fluence at
the sample was 0.0_c mZ/zm?, found to be a good balance between achieving reasonable
signal and avoiding anr ihilation effects, as previously reported [38] . The lasers were
reflected toward the sample by a 561/640 (dual band) dichroic mirror with the beam focused
through a 100x oil objective lens (N.A. 1.4) (UPlanSApo, Olympus). Emission from the
sample was passed through the same objective and dichroic, towards the detectors.
Emission light was separated by a 635LP beamsplitter so that emission <635 nm was
directed though a 620/60 bandpass filter and to a hybrid PMT detector (TR/Dil emission)
whilst emission >635 nm was directed though a 690/70 bandpass filter to a single-photon
counting avalanche diode detector (Chl emission). Analysis of FLIM data was performed with
SymPhoTime software (PicoQuant) and Origin Pro (2019b) graphing software.



3. Results and Discussion
3.1. Concept: testing multiple energy donors with two different LH complexes

Our previous work has shown that plant LHCII [39, 40] can be “enhanced” with lipid-linked
Texas Red (TR) chromophores when they are co-assembled into model membranes in the
form of either lipid vesicles [35] or lipid nanodiscs [41]. This TR moiety is amphiphilic and is
tethered to lipid headgroups which allow the possibility of close contact with membrane
proteins (Fig. 1A(i)) and, importantly, TR has absorption between 525-625 nm in the “green
gap” of the LHCII absorption spectrum where there is minimal natural absorption (Fig. 1C).
In these studies we demonstrated several advantages of using lipid-tagged chromophores:
(i) the system is modular in the sense that dyes can be incorporated at a wide range of
concentrations, (ii) LH proteins can be “enhanced” whilst in a biologically-relevant membrane
environment, and (iii) membranes readily adsorb to surfaces making them amenable to
surface-based nanotechnologies [35]. Evidence was presel.*:d for attractive interactions
occurring between the TR chromophores and LHCII proteir~ w.ich increased the rate of
energy transfer [41]. For the current study, we hypothesizcd tt at it should be possible to
enhance other LH complexes in a similar manner, and chusc to study the LH2 antenna from
Rhodobacter (Rba.) sphaeroides because it allows tecti.> ~f an alternative spectral range
compared to plant LHCII, with an absorption spectn.. extending into the near-infrared.
Furthermore, the Rba. sphaeroides LH2, referred ‘7 a: LH2 henceforth, is a well-studied
model protein for understanding light-harvesting 1. photosynthesis, giving a strong
foundation for incorporating new pigments [31, +. 45]. LH2 has a spectral gap in the visible
red region, between approx. 620-750 nm, and .« chose two different chromophores which
fit spectrally at different positions within t='s 1cnge: ATTO647N (hereafter, ATTO) and Cy7
(Fig. 1D). Both these dyes are commr rcie.ly available conjugated to the headgroup of a
DOPE lipid and were expected to co-asseMble with LH2 during proteoliposome formation
(Fig. 1A(iv-vi)), analogous to TR-lipiuc assembling with plant LHCII. Furthermore, we were
interested in testing alternative meua.4s for pigment incorporation that may have greater
ease-of-use, so that they could he readily applied to other LH proteins of interest. We
conceived that it might be nos_ible to use relatively hydrophobic pigments that
spontaneously localize to the *'vdrcphobic interior of the lipid bilayer, and insert directly into
pre-formed membranes. The. ~fo.e, we chose to test a series of dialkylcarbocyanine dyes
which are commonly used =~ “I'pophilic tracers” for whole-cell fluorescence microscopy [46].
These dialkylcarbocyanne 'yes are dissolvable in polar organic solvents that are miscible
with water, allowing &icm & be easily mixed with typical aqueous biological materials at any
stage of sample prepar: tion. These advantages allow for the simple injection of a few
microliters of concentrated dialkylcarbocyanine in an ethanolic solution into an aqueous
suspension of liposomes to deliver a significant quantity of exogenous pigment to the
membrane (see Methods 2.4). The dialkylcarbocyanines Dil and DiR were chosen as

appropriate spectral properties, as detailed in later sections.
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Figure 1. Schematic of the series of model me'nbrcne samples studied in this work.
Proteoliposomes (A) were generated by combining Iinic’s and biochemically-purified proteins
in the desired molar ratios, following an establis*.. 1 procedure that induces the spontaneous
self-assembly of membrane vesicles (see Me.~ods 2.4). When lipid-linked chromophores
were used (TR, ATTO, Cy7) these were inc.roorated into the membrane during lipid and
protein assembly, whereas the hydrophr.oic pigments (Dil, DiR) were injected into the buffer
solution immediately prior to measuremen.. with multiple sequential injections possible. Full
chemical structures of the dyes are y'ven in the Methods 2.1. Supported membranes (B)
were assembled onto hydrophilic gl-.s.~ cuverslips, following a recently-developed procedure
to generate “hybrid membranes” corm nrising a fusion of thylakoid membranes extracted from
spinach chloroplasts and synthe.ic n,0somes. Normalised absorption spectra of plant LHCII
(C), and LH2 (D), with the ad-.itioi.al dyes used to enhance the absorption of each protein.
All dyes were obtained from ~oi."mercial suppliers. The LH complexes were purified using
established biochemical pru-ed ures (see Methods 2.2-2.3 and Fig. S1-S2).

We can characterize the potential for energy transfer between proteins and extra pigments
by assessing vesicular model membranes with solution spectroscopy, however, there is also
interest in generating model membranes on solid support surfaces, because they are
amenable to high-resolution microscopy [47-49] and could be compatible with surface-based
device applications [50, 51]. Therefore, as a final test system we considered the paossibility of
enhancing our recently-reported “hybrid membranes” in which natural plant membranes are
fused with synthetic membranes and assembled onto a planar glass surface [37, 38]. We
considered that the LH complexes within these supported membranes could also be
enhanced by incorporating either lipid-linked chromophores (TR) (Fig. 1B(i)) or free
chromophores (Dil) (Fig. 1B(ii)) and we characterize these samples using fluorescence
microscopy.



3.2. Expectations for each donor-acceptor pair from theory

We selected dyes that were spectrally well-matched to the proteins of interest, as described
above, although each dye will have other photophysical properties that affect their capacity
for FRET. It is necessary to assess how photophysical differences contribute to the
effectiveness of each dye, and whether structural and chemical interactions between the
dyes and the proteins modify these properties. One can expect the magnitude of the LH
protein’s fluorescence enhancement (F,y) to be related to both the probability of photon
absorption by the dye (44y.) and the efficiency of dye-to-protein FRET (Egggr), in other
words: F gy X Agye and Fiy & Epgppr(aye—protein)- 1h€ properties that absorption and FRET
efficiency depend upon can then be considered. For the former:

Agye x (1) - C (Egn. 1)

where £(1) is the dye’s molar absorption coefficient (a mea~ire of its intrinsic absorbing
strength), and C is the dye’s molar concentration. Then, ass':ming a certain number of dye
molecules successfully promoted to an excited state, Egg; - W'l depend upon the donor-
acceptor separation distance (r) and their photophysical prunerties. Specifically, Erggr Can
be related to r by applying Forster theory [52]:

1

Eprer = —% (Eqn. 2)
1+(z5)

+R0

where R, is the distance at which the transfer € fi.iency is 50%, termed the Forster radius of
the donor-acceptor pair. R, depends upon a ~on.sination of the photophysical properties of
the system:

(Ro)® x k% - ¢pp - ] (Eqgn. 3)

where, x? represents the relative r-iei:ation between the donor and acceptor transition
dipoles, ¢, is the fluorescence quentum yield of the donor and J is the donor-acceptor
spectral overlap integral. The ful' e~nressions for all properties discussed are detailed in the
supplementary theory (ESI 2).

From the above relation .ni. ~, the effectiveness of each dye should be maximized by having:
(i) broad absorptior. ne < and a high absorption coefficient, (i) a high fluorescence
guantum yield and (iii) a « ood spectral overlap with the LH protein. Values from the literature
for the first two parameters are given for each dye in Table 1. In order to predict the
effectiveness of the dyes as energy donors, the spectral overlap (J) and Fdrster radius (Ro)
were calculated for each dye-protein combination, see Table 1, supplementary theory (ESI
2) and Fig. S2. A large value for both R, and J predicts a high FRET efficiency if the dyes
are sufficiently close to the protein. Our experiments will measure the fluorescence
enhancement of the protein and the FRET efficiency and these will be compared to the
photophysical parameters discussed above. This allows us to determine whether the dyes
have been properly incorporated into the lipid membranes and dispersed in a way that
makes them structurally assemble to the protein.



dye LH proteindye abs/lem dyee& dye @ J Ro
(donor) (acceptor) Ama (nM) (M~ cm™) (M'cm™nm? (A) solvent reference

TR plant LHCIl 589/610 116,000 0.35 1.03 x 10 88 aqueous [53]
Dil plant LHCIl 549/ 790 144,000 0.31 5.93 x 10" 79 Lipiodot*  [54]
ATTO  LH2 646/ 664 150,000 0.65 4.36 x 10'° 85 aqueous  [55]
Cy7 LH2 747/ 779 250,000 0.28 4.54 x 10" 109 aqueous  [56]

DIR LH2 748/ 780 270,000 0.21 3.74 x 10" 101 Lipiodot*  [54]

Table 1. Photophysical properties collated from literature and Foérster radius values
calculated for each dye used in this study. “dye abs/em An.”: wavelength of the main
absorption/emission peak. &: molar absorption coefficient. @: irorescence quantum yield. J:
spectral overlap integral. Ro: Forster radius. Values for An., £ @ are taken from the
reference listed. Values for J and R, are calculated (see suf pleientary theory text and Fig.
S2). *Lipodots are dye-loaded oily droplets in an agueous _>!uaun and the values for Anay, &,
@ for Dil/DiR dyes in this solvent were used in place of va'ies measured in aqueous solution
(these dyes are not directly soluble in water).

3.3. Comparison of the effectiveness of TR a~.. Dil for increasing the spectral range of
plant LHCII

Previously [35], we showed that plant L'4C | in liposomes could be enhanced with TR but
only considered a limited range of chromcraore concentrations up to a TR:LHCII molar ratio
of ~20:1. Surprisingly, the trend for the enhancement of LHCII fluorescence appeared to be
linear, so we speculated that the enhancement must saturate well in excess of a 20:1 ratio.
In the current work, we assess the (iksc.dte limit of LHCIl enhancement by TR, by extending
the ratios up to ~80:1. A sampl: - of LHCII-TR proteoliposomes was prepared, starting
with a constant concentration ¢f v.~< purified LHCII (~0.6 uM) and lipid (1 mM) and a series of
increasing TR concentrations (~ 45 uM). Absorption spectra showed that sample preparation
had been successful, whereby the LHCII Chl a Q, transition at ~675 nm was relatively
consistent between samr..c< «.1d the TR peak at 590 nm with a vibronic shoulder at 550 nm
increased linearly with t.he ¢ ye concentration (Fig. 2A). For all samples, the actual dye-to-
protein ratio achieved w. s quantified by analysing the absorbance spectra of the assembled
liposomes (see supple:~entary Table S1). Fluorescence emission scans were acquired by
selectively exciting the dye at 540 nm (where LHCII absorption is very low) and collecting
broad-range emission spectra to distinguish the fluorescence emission from the dye (direct
re-emission) or from the LH2 protein (FRET then emission). These fluorescence emission
spectra showed strong enhancement of the LHCII emission peak at ~680 nm, increasing
with TR concentration to more than 3x the fluorescence of LHCII alone (Fig. 2B). This is
good evidence for FRET from TR to LHCII, as observed in previous work [35]. Note that the
magnitude of the TR emission peak at ~610 nm does not increase proportionally with TR
concentration suggesting that it becomes self-quenched at high concentrations
(supplementary Fig. S3 and Table S2) [57].
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Figure 2. Comparison of the effectiveness of two different types of chromophore for
enhancing plant LHCII. (A) Absorption spectra of LHCII proteoliposomes containing lipid-
linked TR at the concentrations shown. *Indicates normalised reference data. (B)
Fluorescence emission spectra of the same samples as in (A) with selective excitation of TR
at 540 nm, ex/em bandwidths 1/1nm. (C) Absorption spectra of LHCII proteoliposomes after
injection of Dil to the concentrations shown. (D) Fluorescence emission spectra of the same
samples as in (C), with selective excitation of Dil at 525 nm, em/ex bandwidths 2/2 nm.
Selective excitation wavelengths for dyes were chosen to minimise direct LHCII excitation
rather than to be centred at their peak excitation wavelengths. Legend for each spectrum not
shown for visual clarity; the full table of results are shown in supplementary Tables S1 and
S3. (E) Graph comparing the relative enhancement effect between these dyes, where 100%
is the intensity of fluorescence at 680 nm in LHCII proteoliposomes in the absence of any
dye. The LHCIl emission intensity was calculated after subtraction of the overlapping
fluorescence due to the dye, the full calculations are shown in supplementary Table S3.
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Next, the idea of assembling dialkylcarbocyanine dyes from solution into pre-formed
proteoliposomes was tested. To do this, the Dil dye was sequentially injected into a sample
of LHCII proteoliposomes and spectra were acquired after each addition. This was repeated
to cover a series of different ranges of Dil concentration. Absorption spectra of the resulting
LHCII-Dil proteoliposomes (Fig. 2C) show similar height peaks for LHCII at ~675 nm and the
expected range of Dil content is evident from the sequence of double peaks at ~560/520 nm.
A greater final concentration of Dil was easily achieved with this injection method, up to a
measured Dil:LHCII ratio of 184:1, as compared to the more time-consuming co-assembly
method required when utilizing lipid-linked TR (77:1). Fluorescence emission spectra (Fig.
2D) showed an enhancement of the main (681 nm) LHCII fluorescence peak up to nearly 4x
its original level. A shoulder at ~660 nm is apparent on the LHCIlI peak at the higher
TR:LHCII ratios due to the contribution from the vibronic tail of the TR emission. Unlike for
TR-LHCII, Dil produces a relatively linear increase in LHCII fluorescence intensity relative to
its concentration suggesting that dye self-quenching ‘s not significant at these
concentrations.

The effectiveness of these two dyes was compared b L:~ttng the enhancement of LHCII
fluorescence against the dye:protein ratio for each (+“a. 2E). The TR dye appears to
generate higher levels of LHCII fluorescence than I il a1 similar dye concentrations, i.e., TR
appears to be a more effective donor of excitation er.~rgy to LHCII. This is supported by
calculations of energy transfer efficiency (E7c), determined by a comparison of the
fluorescence excitation and linear absop.n spectra of selected samples (see
supplementary Table S4), which found th=* ETE is between 60-97% for TR-LHCII and only
25-33% for Dil-LHCII. The significantly nig'.er FRET efficiency must be due to a stronger
average coupling between TR+LHCII than « ~tween Dil+LHCII and could be due either to the
difference in spectral overlap (i.e., el ~rgetic coupling) and/or due to different distributions
and thus separation distances be.w et protein and dye molecules (i.e., dipole-dipole
coupling). For TR-LHCII and Dil-l HC Ul .nteractions, the values for J (spectral overlap) were
calculated as 1.03x10"" and 5.2¢x1.'® M™ cm™ nm?*, respectively, and R, (Férster radius) as
88 A and 79 A, respectively, &3 shcwn in Table 1. This supports the possibility that spectral
overlap is a major reason wr, tha observed ETE is higher for TR than Dil. It could also be
that the TR-lipids localize a. shorter distances to LHCII than Dil does within the membrane.
The maximum enhance mer t observed was ~361% for TR at a dye:protein ratio of 77:1
whereas enhancemcn. duc 0 Dil continued to increase with an apparently linear trend up to
~450% at a dye:proten ratio of 184:1. It was not possible to generate stable
proteoliposomes with >80:1 TR/protein or >180:1 Dil/protein presumably due to lipid-lipid
assembly issues, which could arise because both TR and Dil are bulky; furthermore, TR is
charged and unfavourable repulsive interactions may occur. The enhancement effect when
using TR but not Dil was also limited by fluorescence self-quenching (the propensity of
different molecules to self-quench is not trivial to define). This meant that although Dil had a
lower overall ETE due poorer energetic coupling it induced a greater absolute level of LHCII
enhancement than TR because higher Dil concentrations could be assembled into
membranes. Altogether, these findings show that different structural, physicochemical and
spectral properties may alter the effectiveness of any given dye, although these may be
difficult to distinguish. This will be explored further in the next section.

3.4. Comparison of the effectiveness of three different dyes for increasing the spectral
range of LH2
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Whilst other studies have assessed how covalent attachment of synthetic pigments to the
LH2 polypeptides could enhance the absorption range of LH2 [23][34], the effectiveness of
self-assembled dyes for enhancing this protein has not been explored. To do this, first, we
studied a series of proteoliposome samples with similar LH2 concentrations assembled with
a range of concentrations of Cy7-lipids. The absorption of Cy7 appears at ~770 nm
overlapping with the B800 LH2 BChl peak at 800 nm, and is observed as a shoulder on the
blue-side of the B800 band at low Cy7 concentrations, becoming dominant at higher Cy7
concentrations (Fig. 3A). The dye-to-protein ratio and the dye incorporation yield for all LH2
proteoliposomes was quantified (see supplementary Table S1). Fluorescence emission
spectra acquired with selective excitation of the Cy7 chromophore show an increasing
intensity for both the Cy7 (790 nm) and LH2 (860 nm) peaks as the concentration of Cy7 is
increased across the sample range, which is good evidence of FRET from Cy7 to LH2 (Fig.
3B). The emission spectrum of Cy7 has excellent energetic overlap with the B800 BChl
absorption of LH2 (J = 4.5x10" M'cm™nm?* Table 1) sc effective transfer would be
expected, assuming that the dye is in close proximity to the obi>tein. To test the effect of
different spectral overlaps, ATTO-lipids were incorporate1 a: a lipid-linked dye which
absorbs over an alternative range, filling a different par. . uie spectral gap of LH2 and
having a much weaker energetic overlap with the B80C L Ch' Q, transition (J = 4.4x10 M
'em™nm?). The absorption of ATTO appears at ~650 nn, and has slight overlap with the LH2
peaks representing the BChI Qy transitions at ~590 1m, and with the B800 absorption band
(Fig. 3C). Emission spectra acquired for this samni. set with selective excitation of the
ATTO were quite weak compared with the emisz.~n from ATTO, although LH2 fluorescence
is still greatly enhanced compared to the level iv .ne absence of any synthetic chromophores
at this excitation wavelength (Fig. 3D). Wh.n the two different lipid-linked pigments are
mixed and incorporated into LH2 proteo’posymes a combinatorial effect is observed and the
enhancement of LH2 fluorescence is grec‘er than using either dye alone (Fig. 3E-F). The
effect of using two dyes togethe. can be quantified more easily with alternative
measurements that assess a rancc of axcitation wavelengths, presented later. Next, a
dialkylcarbocyanine dye that is spect al'y-compatible with LH2 was trialled. DiR was injected
into pre-formed LH2 proteolinosumes. The absorbance spectra show a broad and
inhomogeneous band betweet 6L"-750 nm representing DiR at increasing concentrations
(Fig. 3G), which could sugg~st “hat DIR was unstable in liposomes and had aggregated.
This broadening of the Dik em'ssion would decrease the J integral calculated from the Dil
emission and LH2 abso pu.n (see supplementary Fig. S2) and result in decreased energy
transfer efficiency .o ohcerved. The calculated incorporation yield of DIR into LH2
proteoliposomes was relc tively low (10-15% of the injected DiR was actually detected in the
final sample, see suppiementary Table S1), meaning that a relatively low dye:LH2 ratio of
~20:1 was achieved even after injecting large guantities. Nevertheless, emission spectra
showed that there was significant enhancement of LH2 fluorescence at the highest DIiR
concentrations (Fig. 3H).
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Figure 3. Comparison of the effectiveness of three different types of chromophore for
enhancing fluorescence emission from the LH2 complex. Absorption spectra of LH2
proteoliposomes containing either lipid-linked Cy7 (A), lipid-linked ATTO (C), both Cy7 and
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ATTO lipid-linked dyes together (E), at the concentrations shown. *Indicates normalised
reference data. Fluorescence emission spectra of the matched samples is shown, with
selective excitation of Cy7 at 700 nm, ex/em bandwidths 4/4 nm (B),(F) or ATTO at 625 nm,
ex/em bandwidths 2/2 nm (D). Absorption spectra of LH2 proteoliposomes after injection of
DIR in ethanolic solution (G) to the concentrations shown. (H) Fluorescence emission
spectra of the same samples as in (G), with selective excitation of DiR at 700 nm, em/ex
bandwidths 4/4 nm. Selective excitation wavelengths for dyes were chosen to minimise
direct LH2 excitation rather than to be centred at their peak excitation wavelengths. Legend
for each spectrum not shown for visual clarity; the full table of results are shown in
supplementary Tables S1 and S3. (I) Graph comparing the relative enhancement effect
between these dyes, where 100% is the intensity of fluorescence at 865 nm in LH2
proteoliposomes in the absence of any dye. The LHCII emission intensity was calculated
after subtraction of the overlapping fluorescence due to the dye, the full calculations are
shown in supplementary Table S3.

The effectiveness of these dyes in terms of their enhanc’:mnt of the fluorescence intensity
of LH2 was compared against the dye:protein ratio (.~ Fig. 3l). Note, this analysis
compares the relative change in fluorescence intersn, of LH2, due to the presence of
donors as compared to their absence, when using n it ealized wavelength that selects for
excitation of the particular dye. Cy7 and ATTO aic both effective at enhancing LH2
fluorescence emission with Cy7 appearing to k< .lightly superior, maximum enhancements
of 421% and 409% are observed at dye/prot2n ra.ons of 12.9: 1 and 18.8: 1 for Cy7 and
ATTO, respectively (blue vs. black datar~ini. Fig. 3l). This may be explained when one
considers both the spectral overlap re’ave.at for FRET and the background level of LH2
absorbance at different wavelengths. Fuct. we note that the spectral overlap integral
between LH2 and the dye is significar.'v lower for ATTO-to-B800 than Cy7-to-B800 and this
is reflected in the values calculatec 1 - Forster radii of 85 A and 109 A for ATTO-LH2 and
Cy7-LH2, respectively (see Table 1L, 7his correlates with a lower average ETE calculated
from linear absorption versus excita.on spectra of 53-66% for ATTO-LH2 compared to 60-
91% for Cy7-LH2 (see supplemen.ary Fig. S4 and Table S4). However, the absorption of
the LH2 complex is slightly Ic »er at 625 nm compared to 700 nm, the wavelengths used in
these experiments to selecivey excite either ATTO or Cy7, respectively, and this subtle
difference actually lead; to a relatively large enhancement factor for ATTO with 625 nm
excitation light. Conve, ~ei,, DIR appears to be much less effective as an excitation donor to
LH2 than either Cy7 or A "TO at the similar concentrations with a maximum enhancement of
158% at a dye: protein ratio of 20.4: 1, less than 1/5 of the level with ATTO and Cy7 (red
datapoints, Fig. 3l). This correlates with the relatively low ETE calculated for DiR to LH2 in
these samples with a range of 3-11% (see supplementary Fig. S4 and Table S4).
Considering that the spectral overlap for DIR-LH2 is very similar to Cy7-LH2, leading to a
similar Forster radius of 101 A vs. 109 A (Table 1), then this implies that the much lower
measured ETE is due to less favourable structural interactions between DiR and the protein.
In other words, the average distance between DIR and LH2 must be larger than between
Cy7-lipids and LH2 even for the same ratio of dye:LH2. The most reasonable explanation is
that some physicochemical factors limit the molecular interactions between DIiR and LH2, for
example, repulsive electrostatic interactions between DIR and the protein or due to
aggregation of DiR. The latter possibility is supported by broadening of the absorbance
peaks of DiR at high dye:protein ratios (see Fig. 3G). Overall, our findings on the potential
for enhancing LH2 fluorescence with dyes show that spectral overlap is very important but
that favourable structural interactions allowing proper dye incorporation into lipid bilayers are
a prerequisite.
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3.5. Assessment of the overall enhancement of LH complexes by consideration of the
increased peak area in fluorescence excitation spectra

In the previous sections, we assessed the dye-to-protein ratio from absorbance spectra and
the “enhancement” of the LH protein’s fluorescence by monitoring the relative increase in the
intensity of its emission peak. It is also informative to assess the overall performance of the
system over a broad range of illumination wavelengths where the synthetic dyes may or may
not be excited, rather than only selecting the ideal wavelength for dye excitation. To do this,
fluorescence excitation scans were acquired on LH2 proteoliposomes. Here the detection
wavelength was fixed at a position that only monitors fluorescence emission from LH2 (886
nm) and a full range of excitation wavelengths was scanned (450-875 nm). The magnitude
and breadth of these additional peaks relative to the peaks attributed to the pigments bound
to LH2 represents the effective increase of the absorption rany:. We use the term “effective
increase in absorption” because only those absorption eve~ts which lead to FRET and
subsequent emission from LH2 appear as a signal here. Flu vres :ence excitation spectra for
LH2 proteoliposomes are shown side-by-side for all dyr:s .7 rFig 4 and the enhancement
effect can be quantified as the area under these peaks F. <t'y, comparing data for the lipid-
linked dyes (Fig. 4A-B), it is apparent that Cy7 prodi'ce! significantly greater enhancement
than ATTO, although the latter was still effective. F-r eximple, at ~5:1 ratio of Cy7:LH2 the
effective increase in absorption area related to the rlye hetween 600-800 nm was similar to
the original area of the LH2 B800 peak (blue swe :trum, Fig. 4A) and at ~14:1 Cy7:LH2 the
increase in area was greater than the LH2 B?5C brak (red spectrum, Fig. 4A). Whereas, at
the maximum-tested ratio of ~21:1 ATTC:' k. the new band at ~650 nm only reached an
area similar to the LH2 B800 transi*on (red spectrum, Fig. 4B). In comparison, the
enhancement of LH2 achieved with DiR u.ng the injection method was smaller, where the
peak related to the dye at ~750 nm we.~ more subtle, reaching an area of approximately half
of the LH2 B800 band at the highesi ano of ~23:1 DIR:LH2 (red spectrum, Fig. 4C). The
combination of both Cy7 and ATTO | d to the most impressive results with prominent peaks
at both ~650 nm and 770 nm, “-aryn.g in magnitude according to the ratio of the two dyes
that were included (Fig. 4. -t the highest ratio of ~16:11:1 ATTO:Cy7:LH2 the
enhancement effect was larg. er.ough to approximately double the original absorption area
of LH2 considering the full icno2 450-875 nm (red vs. purple spectra, Fig. 4D). This is likely
due to the combination of L2th ATTO-to-LH2 and Cy7-to-LH2 transfers and the additional
pathway of ATTO-tu-CVvi c¢nergy transfer, which is discussed further at the end of this
section. The process of analysing fluorescence excitation spectra was also performed for
plant LHCII proteoliposomes and it was clear that both the TR and Dil dyes produced
sufficient enhancement in the green spectral region, 525-625 nm, significantly enhancing the
absorption of the complex across the full range (see supplementary Table S5).
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Figure 4. Comparison of the relative enhancement of L'42 .y assessment of fluorescence
excitation spectra. All spectra were acquired with the sclec:*.e detection of LH2 emission at
875 nm, ex/em bandwidth 4/2 nm. Fluorescence exc-tiu. spectra for LH2 proteoliposomes
containing either Cy7-lipids (A), ATTO-lipids (B), i ect:d DIiR (C), or both Cy7-lipids and
ATTO-lipids together (D). Fluorescence excitatior spoctra for plant LHCII samples are
shown in supplementary Fig. S5.

To quantify how each dye enhances Lh. #ad LHCII complexes, the fluorescence excitation
data were analysed in more detai' The cJffective enhancement was calculated as the
increase in the integrated area under «~ch spectrum, normalized so that an area of 100%
represents the natural absorption sua...igth of the particular LH protein across the full
measurement range. This highli, *s (e additional absorption due to the presence of the
dye. Comparison between plan ' HCIl and LH2 enhancement was achieved by converting
the dye-to-protein ratio to a dy>-to-(B)Chl ratio (mole/mole) for each sample by accounting
for the number of Chl-type piy.ments known to be present in each LH complex (42 Chls in
LHCII, 27 BChls in LH2) Tr.z analysis is shown for all dye/protein combinations in Fig 5.
Two general comments ~an e made. Firstly, it was possible to increase the absorption both
LH proteins by close to 200% (i.e., to 200% of the natural absorption strength), but less dye
was required for LH2 th~.1 plant LHCII (~1 dye:BChl versus >2 dye:Chl) to achieve the same
level of enhancement. Secondly, the trends for effective absorption appear to plateau only
for the very highest dye-to-Chl ratios reached for TR lipids and, surprisingly, the maximum
enhancements for LH2 with Cy7 and Cy7+ATTO have not yet been reached, nor for LHCII
with Dil. Note that this analysis considers the absorption across the full spectral range as a
fair way to place the enhancement effect in the context of an entire LH protein complex
exposed to unfiltered white light. If we choose to focus only on the absorption in “spectral
gap” regions then the effective absorption compared to the very low natural levels reaches a
maximum of 489% for plant LHCII with Dil and 465% for LH2 with combined ATTO and Cy7
(see supplementary Table S5).

Beyond these general trends, we can gain further insight by considering the differences
between types of dye, as explained below. At the highest concentrations of TR and Dil, the
effective absorption of plant LHCIl was enhanced to 160 and 177%, respectively. This
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follows a trend of increasing enhancement with increasing dye content and shows that TR is
slightly more effective at lower concentrations compared to Dil (Fig 5, black vs red
datapoints). This reinforces the finding that the simple method of injection and spontaneous
insertion of lipophilic dyes into pre-formed proteoliposomes has the potential to enhance an
LH complex as strongly as a lipid-linked dye, although greater quantities of the lipophilic dye
may be required. For LH2, the effective absorption strength increased more rapidly with Cy7
than ATTO and reached a greater absolute level of 164% vs. 117% at the highest dye
concentrations measured (Fig 5, blue vs green datapoints). This could be partially attributed
to the much greater spectral overlap of Cy7 with LH2 than ATTO with LH2, as noted earlier.
Furthermore, the ATTO dye has a lower molar absorption coefficient and a slightly narrower
absorption peak than Cy7, which limits its absorption strength and range (€e46 nm[ATTO] =
150,000 M* cm™; €747.m[Cy7] = 250,000 M* cm™). We cannot rule out the possibility that the
Cy7-lipids simply have more favourable packing with LH2 than the ATTO-lipids, due to
different chemical interactions, and because of the sixth-pow.'r relationship between donor-
acceptor separation distance and transfer rate even small variatiLns in average distance will
have major effects on the level of enhancement. The highest ab.:olute enhancement of LH2
was achieved by the combination of high levels of ATTC w0 Cy7 to a maximum of 194%
(Fig 5, orange datapoints). This may be further exnicined by the finding that energy
absorbed by the ATTO has two potential routes towara. LH2, either directly (ATTO— LH2)
or via Cy7 (ATTO— Cy7— LH2) (data in supplemeniary Tig. S6 and Table S6 confirms that
ATTO— Cy7 FRET occurs). DiR provided the least 'nhancement of LH2 to an effective
absorption of just 114% (Fig 5, pink datapoints) “*’hilst the trends over the low-concentration
range for DiR-LH2 and Dil-LHCII were similar, uverall, DiR may be considered much less
effective because higher dye:protein ratire <'mply could not be achieved (due to the low
incorporation yield of DiR noted earlier).

Overall, we can highlight the factrs that dominate the ability of a dye to enhance the
absorption strength of LH complexe: )y a final comparison of the predicted potential for
FRET from theory (Table 1) tc the >xperimental data from actual assembled membranes
(Fig. 5): (i) a strong spectral ~vencp resulted in a high FRET efficiency and explained why
TR was more effective thar. Di. and why Cy7 more effective than ATTO, (i) a larger
bandwidth of absorption pec.”s and absorption coefficient was also beneficial (Cy7 > ATTO),
(i) the differences in ‘luor :scence quantum yield did not overcome the differences in
spectral overlap (2% 1..2her @ for ATTO did not rescue its performance against Cy7 which
had a 10x higher J-integr i), (iv) the ability to assemble high dye-to-protein ratios was crucial
for overall effectiveness and presumably resulted in high packing densities of dyes in the
membrane (Dil >> DIiR). Thus, the dicarboxylate dye Dil was found to be an effective
alternative to lipid-linked TR, despite a lower FRET efficiency, because very high dye:protein
ratios could be accessed with the injection method (and self-quenching did not occur).
Whereas, the other dicarboxylate, DIiR, could not compete with lipid-linked Cy7 due to both
poor incorporation yield and a low FRET efficiency. These findings show the importance of
investigating different dyes and highlight the fact that physicochemical factors are critical in
the self-assembly processes.
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Figure 5. Comparison of LH protein enhancement .=wveen all dye and protein
combinations, considering an extended spectral rante. T ie ‘“effective absorption” was
calculated from the integrated areas under the fluoresce~ce excitation spectra for LH2 (Fig.
4) and plant LHCII (Fig. S2), and normalizing so *1at ."00% absorption (380-680 nm and
450-875 nm for LHCIl and LH2, respectively) repr=scnts the natural (unmodified) protein
complex. The numerical data are tabulated ir. ~ce supplementary Table S5. The molar
Dye:Chl ratio was calculated as [dye:proteir]> 72 ‘or plant LHCIl and [dye:protein]x27 for
plant LHCII, using the dye:protein ratios =lre>dy determined from absorption spectra (see
supplementary Table S1).

3.6. Assessing the potential for erin.ncing surface-associated membranes

Finally, we wished to assess the te>sioility of using dyes in surface-supported membranes.
Recently, we reported a new rou! system of bio/hybrid photosynthetic membranes that are
amenable to high-resoluton surface-based microscopy. These “hybrid thylakoid
membranes” are generatcd fium a combination of natural membranes extracted from
spinach chloroplasts anr. 5, nuietic lipid vesicles that fuse on a glass surface to form large-
scale array patterns '8). Thase surface-supported membranes are confined to corrals of 20
x 20 um by using a pio-designed template (see Methods section 2.6). In order to test
whether our strategy o. self-assembly of donor chromophores into lipid bilayers could be
effective for enhancing LH complexes within supported membranes, experiments were
performed where hybrid membranes were supplemented with additional dyes. Both of the
dye incorporation methods studied earlier in this paper were trialled, i.e., inclusion of TR-
lipids at the lipid preparation stage or Dil injection after membrane formation. Fluorescence
Lifetime Imaging Microscopy (FLIM) was performed to quantify both the donor quenching
and acceptor enhancement which would be indicative of FRET. The FLIM instrument was
set up to generate three separate image channels: (i) the “Dye channel” had selective TR/Dil
excitation (561 nm) and selective collection of TR/Dil emission (590-635 nm), (ii) the “Chl
channel” had selective excitation of the Chl within LH proteins (640 nm) and selective
collection of Chl emission (590-635 nm), and (iii) “Chl enhancement” channel had selective
TR/Dil excitation (561 nm) and selective collection of Chl emission (590-635 nm). To test
TR, three different types of sample were compared: (i) hybrid membranes, (i) lipid
membranes containing TR-lipids, (iii) hybrid membranes including TR-lipids (top, middle, or
bottom row of panels in Fig. 6A). Considering the TR channel, the fluorescence intensity
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was somewhat lower in the combined sample (Fig. 6A(vii)) as compared to the TR-only
sample (Fig. 6A(iv)). Concurrently, the fluorescence lifetime of TR was significantly reduced
between these samples, a strong indication of TR-to-Chl FRET (green vs. yellow colour,
equating to a mean lifetime of 1.9 ns vs. 3.7 ns). Considering the Chl channel, the intensity
was similar in the hybrid membrane samples irrespective of the presence of TR (Fig. 6A(ii)
and (viii)), as expected. In contrast, for the Chl enhancement channel representing Chl-
protein fluorescence after selective excitation of TR, there was much greater signal in the
hybrid membranes containing TR as compared to the control samples (Fig. 6A(ix) compared
to either (iii) or (vi)). This is good evidence for FRET from TR dyes to either LHCII or
photosystem complexes within these mixed membranes.
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Figure 6. Comparison of the effectiveness of TR and Dil dyes to enhance the fluorescence
of surface-supported “hybrid thylakoid membranes”. (A) Series of FLIM images to test the
effectiveness of TR. “Thy-only” (panels i-iii) represents hybrid membranes generated by
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fusion of extracted thylakoid membranes and lipid vesicles; “TR-only” (panels iv-vi)
represents lipid membranes generated from lipid vesicles containing 0.5% TR-lipids
(mol/mol%); “Thy+TR” (panels Vvii-ix) represents hybrid membranes incorporating TR
generated by fusion of extracted thylakoid membranes and lipid vesicles containing 0.5%
TR-lipids. Three separate FLIM channels were defined using two alternating lasers and two
detectors with selective optical filters to produce the excitation and emission as labelled
(ex./em.). Full description of microscopy setup is given in Methods (section 2.7). (B) Series
of FLIM images to test the effectiveness of Dil. The samples are labelled as followed: “Thy-
only” (panels i-iii) represents hybrid membranes generated as in (A), “Thy+ 5% Dil” (panels
iv-vi) and “Thy+ 10% Dil” (panels vii-ix) represent hybrid membranes after the injection of a
defined quantity of Dil dissolved in ethanol and incubation for 15 min (0.3 pL or 0.6 pL of Dil
at 10 pg/mL) (i.e., Dil injected relative to the estimated lipid on the surface, as mol/mol %).
The scale bars in (A) and (B) represent 20 um. (C) A bar chart comparing the relative
intensity in the “Chl enhancement channel” between samples, v'here the fluorescence in the
Thy-only sample is set to 100%. The mean value was calculate ! from analysis of multiple
images from several samples and the error bars represent = S.D. (see supplementary
Tables S7-S9 for full numerical analysis). Spectral spillcve” Letween image channels was
minimal but nevertheless carefully accounted for. F>r «ull samples, the actual dye
concentration generated within membranes cannot .~ quantified, therefore, the initial
amount of dye introduced relative to the known con¢enu ation of lipids used is reported (see
calculations in supplementary section ESI 11). Any ex.=ss unincorporated TR-lipids and Dil
were removed prior to recording images of the >upported membranes, by exchanging the
aqueous buffer solution above the membrane n * (ir ie times.

Similar FLIM data were acquired to test *he effectiveness of Dil for enhancing surface-
supported membranes. Here, a hybi2 thylakoid membrane sample was assembled onto
glass and then Dil was injected in.o *he liquid above this membrane. FLIM images were
acquired before and after multiole ‘njections of dye, giving sufficient time between
measurements for spontaneous nse.tion of the Dil into lipid bilayers (Fig. 6B). The template
pattern was supposed to act ¢+ a 1,on-binding surface, however, it did not appear to prevent
Dil binding. Images showeu tnat Dil associated non-specifically with both the hybrid
membranes (square region.) a'd the template (meshwork) (Fig. 6B(iv) and (vii)), however,
the Dil located within the hy. rid membranes appeared to have a much shorter lifetime (blue-
green rather than yenow cutour). This decreased Dil lifetime supports the interpretation of
FRET from Dil to LH pro eins. As expected, the fluorescence intensity in the standard “Chl
channel” was relatively similar before/after Dil injections (Fig. 6B(ii),(v),(viii)). A modest
increase in the intensity was found in the “Chl enhancement” channel due to the presence of
Dil (Fig. 6A(ix) compared to (iii)).

The extent of the enhancement of Chl fluorescence was calculated for all samples with a
careful statistical analysis performed on many corral regions within each sample, see Fig.
6C. The emission intensity from thylakoid proteins reached a mean value of 206 + 17% in
the presence of TR, whilst reaching only 169 + 20% when using the highest concentration of
Dil (n = 4, for each), relative to the emission from membranes in the absence of additional
dyes. Note that it is difficult to accurately compare the enhancing effect of dyes between
hybrid membranes and proteoliposomes because it is challenging to assess the actual dye
concentration. Due to the time-consuming nature of FLIM analysis only one concentration of
TR was analysed here, but it is known that supported membranes can be formed from
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liposomes that contain up to 2% (mole/mole) TR-lipids relative to normal lipids [57], so the
addition of more TR could allow even greater enhancement of these membranes. However,
we may expect a similar lack of membrane stability as observed in proteoliposomes at high
dye concentrations. Similarly, a greater quantity of Dil may be injected assuming that the
organic solvent used to deliver it does not disrupt the membrane. In summary, lipid-linked
dyes appeared to provide superior enhancement effects for surface-associated membranes
as compared to injectable dyes, although their full potential remains to be fully investigated.

3.7. Benefits and drawbacks: protein-dye self-assembly versus covalent linkages and
lipid-linked dyes vs “free” dyes

Our self-assembly approach utilizing lipid membranes as a matrix allowed for modularity for
choosing different proteins and different dyes and flexibility to vary the dye concentration as
desired by simply changing the ratio of materials in the s.w.ting mixture. Furthermore,
compositional modifications were straightforward by the inje ctiv 1 of dyes that inserted into
pre-existing membranes. Such modularity may be more d*ic.! to generate with alternative
approaches employing covalent crosslinking of a dye dire <tly .0 the LH protein complex [21-
24, 58]. Other studies have shown that non-native c..romophores may be non-covalently
incorporated into the natural pigment binding sites of L. complexes [59-61] by reconstituting
the apoprotein with the desired free pigments. Ho.'<ver, the new pigments must have
suitable chemistry for favourable interactions witt, binuing site residues, making precise
control of which pigments can bind challenirg [31]. The benefit of using lipid-linked
chromophores may be that it relies simply ¢: the consistent interactions between lipid tails
(i.e., fatty acyl chains), and only the lipic’ he adg.oup is modified to attach the chromophore,
allowing a flexible and generally applic.".e approach to assembly. The drawback is the
absence of direct control over tho pigment-protein separation distance, leading to a
continuum of distances from the lipic -dy. to the protein. Consequently, the FRET efficiency
will depend on the relative concent.a’i01s of each component and on the lateral diffusion of
lipids [35, 41]. In summary, both . ~s of coupling strategies can be effective and the choice
may depend upon the nanoma’enc!s desired by the researcher.

The dialkylcarbocyanine u,es, Dil and DIR, differed markedly in their effectiveness at
enhancing the absor *ioi. »f LH complexes, presumably related to their ability to insert into
lipid membranes or to as sociate with the protein. DIiR suffered from both a low yield of dye
incorporation (10-15%) into membranes and a low FRET efficiency (3-11%) of the dye that
was present. Therefore, we must hypothesize that structural/chemical issues prevented the
occurrence of reasonable coupling between DIiR and pigments within LH2. This could be
unfavourable lipid-DiR interactions and/or strong DiR-DIiR interactions causing DIiR
aggregation or repulsive interactions (electrostatic or steric) between DIiR and LH2. To test
this, one final analysis was performed in order to compare the observed FRET efficiencies
with expectations from Forster theory. Coarse calculations were performed to predict the
dye-to-protein ETE expected for the situation where dyes and proteins within our
proteoliposome samples were randomly spaced. To be as accurate as possible, measured
values for molar concentration, approximate sizes of lipids and proteins, simple geometric
expressions and estimated Forster radii were used. Agreement between the theoretical
predictions and the experimental observations would suggest that simple FRET occurs
between randomly spaced dyes/proteins whereas disagreement would suggest that this
situation does not apply. The results are shown in ESI 12 and Tables S10-12 in the
supplementary information. For TR, Dil, ATTO and Cy7 the predicted values for ETE were in
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very good agreement with the observed values (within 1-10%), whereas, for DIiR the
observed ETE was found to be an order of magnitude lower than the predicted one (5.5% vs
82.8%) (supplementary Table S10). This supports our suggestion that DIR is aggregating or
otherwise poorly connected to LH2.

Comparison of the results between vesicles suspended in solution and membranes
deposited onto surfaces also revealed that assembly and insertion effects were critical. Dil
appeared to be significantly less effective than TR-lipids at enhancing surface-supported
hybrid membranes as compared to a membrane vesicle in solution. Overall, we can
conclude that water-soluble injectable dyes such as Dil and DiR offer greater ease-of-use
but can be limited by their ability to insert into lipid bilayers. This necessitates testing the dye
of interest for a particular protein and a particular lipid membrane. We would emphasize that
even if the FRET efficiency of an injectable dye is lower than . iipid-linked counterpart, their
great ease-of-use could make them a useful experimental tor' fo, other researchers. These
lipophilic dyes could be injected into any aqueous biological sample of interest and may
insert into any membranes present [46]. They could be 1.se.! to modify natural membranes
from photosynthetic organisms and could be useful ac ~ither FRET donors or FRET
acceptors. They may be applicable to probing whole nhictosynthetic cells or plant tissues if
they can pass cellular barriers to reach their intencd-d a. stination, which could be achieved
with electroporation or similar techniques [62].

We cannot rule out the complication of ..atu degradation of both dye molecules and LH
complexes over long periods of time, a. th.s was not quantified in the current study. High-
energy photo-illumination of both dves and (B)Chls can result in the formation of triplet
excited states and subsequent genera‘ion of damaging singlet oxygen [63]. In the current
study, we simply limited the amoun’ o. ~citation delivered to the sample so that the level of
photobleaching was <2% by *we <nd of data collection (measured in preliminary
measurements optimizing parar. 2ters). In future bio-hybrid nanotechnologies, there may be
regular exposure of dyes/prciins to atmospheric oxygen and light and, as there is no
protective mechanism to avolu sustaining damage while under high-light conditions [64], the
photostability of the system ¢ ~1".d be an important limitation.

4. Conclusion

This study provided an in-depth comparison of the relative effectiveness of five different dyes
for enhancing the fluorescence of two different LH protein complexes. Our findings show
conclusively that the approach of incorporating either lipid-linked dyes or “free” lipophilic
dyes into a lipid bilayer together with a membrane protein complex is generally applicable.
Lipid-linked Texas Red was able to fill the “green gap” spectral region of minimal natural
absorption of plant LHCII, whilst lipid-linked ATTO and Cy7 filled the orange-red and red-NIR
spectral ranges of minimal absorption of LH2. By using the highest dye-to-protein ratios, the
effective absorption strength of both LH proteins was increased to ~180% of its natural level
across the full spectral range or to ~450% when considering the narrower “spectral gap”
region. We have also shown that lipophilic dyes, the dialkylcarbocyanines Dil and DiR, will
spontaneously insert into pre-formed membranes and enhance an LH complex, although
their effectiveness is more variable and dependent on favourable physicochemical
interactions. The enhancement of LH complexes was demonstrated both for vesicular
membranes in suspension and membranes deposited onto solid surfaces, which may

23



provide interesting opportunities for nanotechnology applications. Indeed, our approach of
enhancing bio-mimetic membranes may be compared to concept of dye-sensitized solar
cells in which inorganic photoactive surfaces are enhanced with synthetic dyes.
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Highlights

e A range of dye molecules can act as energy donors to Light-Harvesting complexes

o Self-assembled lipid membranes allow interactions between LH complexes and dyes
¢ Five organic dye molecules (Texas Red, ATTO, Cy7, Dil, DiR) were compared

o Fluorescence spectroscopy was used to quantify dye-to-protein energy transfer

o All lipid-linked dyes were effective excitation energy donors to LH complexes
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